Bismuth oxide thin film was deposited by chemical bath deposition (CBD) technique onto a glass substrate. The grain size (D), dislocation density (δ) and number of crystallites per unit area (N), i.e. structural properties of the thin film were determined as 16 nm, 39.06 × 10 −4 line/nm 2 , 31.25 × 10 −3 1/nm 2 , respectively. Optical transmittance properties of the thin film were investigated by using a UV-Vis spectrophotometer. The optical band gap (E g ) for direct transitions, optical transmission (T %), reflectivity (R %), absorption, refractive index (n r ), extinction coefficient (k), dielectric constant ( ) of the thin film were found to be 3.77 eV, 25.23 %, 32.25 %, 0.59, 3.62, 0.04 and 2.80, respectively. The thickness of the film was measured by AFM, and was found to be 128 nm. Contact angles of various liquids on the oxide thin film were determined by Zisman method, and surface tension was calculated to be 31.95 mN/m.
Introduction
Significant applications of bismuth oxides in the fields such as microelectronics [1] , sensor technology [2] , optical coatings [3] , transparent ceramic glass manufacturing [4] have been discovered during the last years. The material is characterized by a large energy band-gap, high photoconductivity, high refractive index, dielectric permittivity and photoluminescence. During the growth of crystallites with different geometric shapes, various phases occur. Until now, five polymorphic forms of bismuth oxides were obtained: two stable polymorphs, namely α and δ phases (α-Bi 2 O 3 is monoclinic, δ-Bi 2 O 3 is face-centered cubic), and three metastable phases, i.e. β, γ and ω (β-Bi 2 O 3 is tetragonal, γ-Bi 2 O 3 is body-centered cubic, ω-Bi 2 O 3 is triclinic) [5] [6] [7] [8] [9] [10] [11] [12] [13] 35] . For nanometric thicknesses, BiO is predominant phase, while in case of micronic films, α-Bi 2 O 3 and Bi 2 O 3 are the main phase components [11] .
Thin films of bismuth oxides have been obtained using such methods as electrodeposition, * E-mail: meydaneri@yahoo.com thermal evaporation under vacuum, sol-gel, pulsed laser deposition, etc., and their optical properties, formation of different phases and phase relations have been investigated [14] [15] [16] [17] [18] [19] [20] [21] . However, none of them is as simple and economical as the method described in this study. The optical properties and surface tension of nanoparticles are very sensitive to the method of preparation, crystallite size and doping. However, the CBD (chemical bath deposition) method is one of the simplest chemical methods in which the nanoparticles can be prepared quickly with very good crystallinity.
In the present paper, we have attempted to produce thin films of bismuth oxides using a modified chemical bath deposition method from those described in the literature. Bi 2 O 2.75 synthesized by this method has been scarcely reported. Then, we examined the optical, structural and surface tension properties of the films.
Experimental

Synthesis and characterization of thin film
slides were heated in a nitric acid solution at 100°C for 1 hour. All used chemicals were of analytical reagent grade. 100 mL of 0.1 M bismuth (III) nitrate pentahydrate solution was prepared in a beaker. 10 mL of the solution was transferred into an empty beaker and 1000 µL hydrogen peroxide was added to the solution. The distilled water was added until the final volume of chemical bath achieved 40 mL. The pre-washed and cleaned substrates (microscope slides) were immersed into the prepared solution. Finally, the chemical bath with the substrates was kept in a drying oven at 40°C for 1 h. At the end of this period, the surfaces of the microscope slides were covered with a white film, and the microscope slides were removed from the chemical bath.
The crystalline structure of bismuth oxides was confirmed by X-ray diffraction (XRD) with a CuKα 1 radiation source (Rigaku RadB model, λ = 1.5406Å) over the 2θ range 10°< 2θ < 90°at a speed of 3°·min −1 with a step size of 0.02°. The surface properties of the film were investigated by using field emission scanning electron microscope (FESEM) Carl Zeiss Ultra Plus. The transmittance and absorbance measurements of the film were recorded by a PerkinElmer UV-Vis Lambda 2S spectrophotometer (double-beam) at room temperature by placing an uncoated identical glass substrate under the reference beam in the wavelength range of 200 nm to 1100 nm. The thickness of the film was measured with a Veeco MultiMode Atomic Force Microscope (Nanoscope 3D controller). The surface tension was measured with a contact angle meter KSV CAM200, KSV Instruments, at room temperature, room conditions, and in a controlled air flow.
Results and discussion
Structural properties
The color of thin film of bismuth oxide is white. The crystal structure and orientation of crystallization were determined by XRD measurement ( The average grain size (D) of the nanocrystalline Bi 2 O 2.75 was calculated by XPowder computer program with respect to high intensity peak of XRD patterns using Debye Scherrer's formula [22] [23] [24] :
where D is the grain size, K is a constant which is taken as 0.9, λ is the X-ray wavelength, β is the angular line width at half-maximum intensity in radians and θ is Bragg angle. Dislocation density (δ) was calculated using the formula given below:
where δ is dislocation density which is defined as the length of dislocation lines per unit volume of the crystal. The dislocation density (δ) gives more information about the amount of defects in the films.
Higher δ values indicate lower crystallinity level of the films and indicate the amount of defects in the structure. Films with smaller δ values indicate better crystallization in the films [22] [23] [24] . The higher N value indicates extensive crystallization. The number of crystallites per unit area (N) is calculated by using the formula:
where t is the film thickness. The thickness of the film was measured by AFM, and was found to be 128 nm. The grain size (D), dislocation density (δ) and number of crystallites per unit area (N), i.e. structural properties of the thin film were obtained to be 16 nm, 39.06 × 10 −4 line/nm 2 , 31.25 × 10 −3 1/nm 2 , respectively. The surface morphology of thin film was obtained by FESEM at magnification of 5000× and 10000×. The surface properties directly affect the optical properties of the films. The SEM images of the Bi 2 O 2.75 thin film are presented in Fig. 2 . According to the SEM analysis of the film (Fig. 2) , the surface is made up of different-sized spherical structures. The particles are well separated from each other. Surface morphology is homogeneous and dense, cluster sizes are very small, the clusters are packed tightly and have strong adherence to the substrate. In the magnified image, the surface looks like as composed of cauliflower clusters.
There are no cracks on the film surface. Good crystallization of the structure is due to the low temperature of reaction, resulting from low reaction rate and the nature of glass substrate which makes that the dislocation density is also very low. Table 1 shows the percentage elemental composition of the Bi 2 O 2.75 thin film and bare glass.
Optical and dielectric properties
Transmission measurements were performed at room temperature in the range of 200 nm to 1100 nm to obtain information on the optical properties of the Bi 2 O 2.75 thin film deposited on the microscope slides. The transmittance (T) of the thin film can be calculated by using reflectivity (R) and absorbance (A) spectra, from the expression [25] : The optical transmission and the reflectivity were determined to be 25.23 % and 32.25 % in the visible region (at 550 nm wavelength), respectively, and have been presented in Fig. 3 . The absorbance change versus the wavelength of Bi 2 O 2.75 thin film is shown in Fig. 4 . As seen from Fig. 4 , the absorbance is 0.598 in the visible region. The absorption coefficient, α determines how deep light of a particular wavelength can penetrate into a material before it is absorbed. Once absorption coefficient is determined, the value of optical band gap can be found. The value of optical band gap energy has been established from the absorption spectra of the films by using the following formula [26] [27] [28] [29] :
where α is the absorption coefficient, (hυ) is the photon energy, A is a constant and n value equals to 1/2 for direct band gap semiconductor. Fig. 5 shows the plot of (αhυ) 2 versus (hυ) for the Bi 2 O 2.75 thin film. The straight-line was extrapolated to the energy axis at α = 0, to obtain the band gap value of the film which was found to be 3.77 eV. The band gaps of nanometric (up to ∼60 nm) and the submicronic films (d ∼ 0.15 µm) were determined by Leontie et al. [8] as 2.5 eV and 3.3 eV, respectively. They found that the grain size is inversely proportional to the optical band gap and that the film thickness affects the optical band gap. Quantum size effect on the optical band gap was discussed in the literature [26] [27] [28] [29] [30] . The effect of structure on the optical band gap results from the fact that the number of grains per unit cell and the number of spaces per unit cell affect the density of the unit cell (in the present work molecular weight = 461.96 g/mol, density = 8.449 g/cm 3 ). Bismuth in Bi 2 O 2.75 and Bi 2 O 3 generally tends to occupy octahedral positions, since the additional oxygen required for octahedral coordination of Bi is provided by the oxygen atoms in the host matrix through non-bonding coordination, and so structures based on heavy metal oxide occur [31] .
Refractive index (n r ) and extinction coefficient (k) for the thin films are given by following formula [25] :
The refractive index and extinction coefficient for Bi 2 O 2.75 thin film are presented in Fig. 6 . The refractive index graph has a shape similar to reflection curve. The film thickness affects the refractive index and extinction coefficient. The refractive index and extinction coefficient values were found to be 3.62 and 0.04 at 550 nm wavelength. This result is consistent with the literature [32] .
The optical constants are parameters which characterize how a material responds to excitation by an electromagnetic radiation at a given frequency. These optical constants can be expressed as a complex dielectric function by the following formula:
or as a complex refractive index by the following formulae:
The real part or refractive index (n r ) defines the phase velocity of light in a material. The imaginary part or extinction coefficient (k) determines how fast the amplitude of the wave decreases. Thus, the optical constants represent the optical properties of a material in terms of how an electromagnetic wave propagates in this material. The dielectric constants, 1 and 2 versus the wavelength for Bi 2 O 2.75 thin film are shown in Fig. 7 , and their calculated values are 2.80 and 0.14, respectively. High-index materials are used to make filters and mirrors with special reflection employed in lasers. This kind of structures based on heavy metal oxides have wide applications in the field of glass ceramics, layers for optical and electronic devices, thermal and mechanical sensors, reflecting windows, etc. [33] .
Surface tension
Pure glycerin, iodometane, water and ethylene glycol of analytical grade were used for the contact angle measurements. The surface tension of test liquids was determined by using pendant drop method (KSV CAM200, KSV Instruments, Finland). The values of surface tension of these liquids are presented in Table 2 . The surface tension tests were performed at room temperature. The important issue is to select appropriate liquid in order to employ Zisman method. Zisman found that cosθ is a function γ l : where γ cr is critical surface tension of a solid which is a characteristic feature of any solid. Any liquid with γ l < γ cr will wet the surface. Critical surface tension is close to the solid surface tension and this method can be applied in thin film with γ s ∼ γ cr [34] . Critical surface energies of a film can be assigned to cosθ by using the curves obtained from the plot of liquid surface tension, by simulation method or from the y = Ax + B curve obtained from those plots. In this equation, x value for y = 1 can be calculated easily. Contact angle and surface tension are presented in Fig. 8 ; additionally, the contact angles of the test liquids on Bi 2 O 2.75 thin film are presented in Table 3 . Surface tension was found to be 31.95 mN/m.
Conclusions
In this study, Bi 2 O 2.75 thin films have been produced for the first time on microscope slides by chemical bath deposition method. Crystal structure parameters, average grain size (D), dislocation density (δ), number of crystallites per unit area (N), thickness of the film and surface morphology of the nanocrystalline Bi 2 O 2.75 thin film were investigated. The optical band gap (E g ) for direct transitions, optical transmission (T %), reflectivity (R %), absorption coefficient, refractive index (n r ), extinction coefficient (k), dielectric constant ( ) of the thin films were investigated. According to the results, the low rate of reaction, temperature and the structure of substrate affected structural and optical properties of the film. Additionally, the surface tension of Bi 2 O 2.75 thin film was studied for the first time. The produced thin film has hydrophobic properties, and its surface tension was found to be 31.95 mN/m.
